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The bigmouth sleeper Gobiomorus dormitor is the largest species of the family 
Eleotridae in the Western Hemisphere, reaching 317 mm standard length (SL) in Florida, 
400 mm in Puerto Rico, and 610 mm in Central America (Gilmore 1992).  Their native 
range extends from eastern Florida south to Cuba, Puerto Rico, Jamaica, Martinique, 
Nicaragua, Costa Rica, Panama, and Surinam, with its major abundance in the Caribbean 
region (Gilmore 1992).  This species is thought to be diadromous, requiring unimpeded 
access between freshwater and marine environments (Holmquist et al. 1998), and likely 
utilizes both freshwater and saltwater throughout its life history (Gilmore 1992; 
Hernández-Saavedra et al. 2004). 
The limited published literature regarding natural life history characteristics of 
bigmouth sleeper is conflicting, particularly for reproductive behavior.  Nordlie (1979) 
first described this species as anadromous (migration from marine habitats up rivers to 
spawn); yet two years later found that it is capable of completing its life cycle when 
restricted to freshwater (Nordlie 1981).  Winemiller and Ponwith (1998) classified this 
species as amphidromous, which implies that fish migrate between fresh and saltwater 
during their life history, but not to spawn.  Darnell (1962) reported bigmouth sleepers 
spawn in brackish water.  This was supported by Nordlie (1981), who reported large, 
sexually mature adults and small juveniles (21 mm SL) from the lower part of the Laguna 
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Tortuguero (estuary) in Costa Rica.  Gilmore and Hastings (1983) found juveniles (16 to 
23.5 mm SL) in both fresh (0 ppt) and brackish water (13 ppt) on the downstream side of 
salinity barriers in tributaries to Indian River Lagoon in Florida.  Hernández-Saavedra et 
al. (2004) were unsure of breeding areas within Mexico and recommended further 
research. 
Reproduction in freshwater lakes has been observed in Lake Yojoa, Honduras 
(Darnell 1962), Lake Xiloá (McKaye et al. 1979) and Lake Masaya (Bedarf et al. 2001), 
Nicaragua, and Carite Reservoir in Puerto Rico (Bacheler et al. 2004a).  This suggests 
that estuarine or marine migrations are not always necessary for effective reproduction.  
Thus, bigmouth sleepers appear to have some plasticity in their life-history strategies and 
may not require an uninterrupted passage to and from marine systems (Nordlie 1981; 
Harris et al. 2011). 
Because of its migratory behavior, the bigmouth sleeper is especially sensitive to 
anthropogenic changes in rivers, particularly river impoundment (Bacheler et al. 2004a).  
This species has suffered detrimental effects from dam construction in many places, 
including Florida, where it is considered threatened (Gilmore 1992; Hernández-Saavedra 
et al. 2004), and Puerto Rico, where it has been eliminated from most upstream river 
reaches above high dams (Holmquist et al. 1998; Kwak et al. 2007; Kwak et al. 2013).  
Many of Puerto Rico’s rivers and streams are dammed for irrigation, hydroelectric power 
generation, drinking water and flood control, and currently few rivers have functional fish 
passage devices (Benstead et al. 1999; Kwak et al. 2013).  In fact, river modification in 
Puerto Rico is so extensive that the number of large dams built per unit land over the last 
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century has outpaced the state of California, which is well known for its extensive 
hydrologic engineering, by an average of 2 to 1 (Greathouse et al. 2006). 
Management of native fish species in Puerto Rico’s reservoirs is hindered mainly 
by the absence of truly freshwater native species with only a few euryhaline species that 
require open access to the marine environment.  These species are impacted by the 
construction of impassable dams on rivers, which effectively interrupt migrations 
between freshwater and marine environments (Holmquist et al. 1998; Neal et al. 2004; 
Kwak et al. 2013).  Spawning migrations are blocked, resulting in a reduction of native 
fish diversity and abundance upstream of these impoundments in many river systems 
(Holmquist et al. 1998).  As a consequence, populations of native diadromous species, 
including bigmouth sleepers, have declined or disappeared upstream from large dams in 
Puerto Rico (Greathouse et. al. 2006).  A comprehensive assessment of the island’s 
thirteen major reservoirs from 1992 to 2001 initially observed bigmouth sleepers in four 
reservoirs: Carite, Patillas, Guajataca and Lucchetti (Churchill et al. 1995; Neal et al. 
1999; Bacheler 2002).  After 1996, however, bigmouth sleepers were observed in only 
two of the initially reported reservoirs; Carite and Patillas, and appear to have been 
extirpated from the rest (Bacheler 2002). 
In response to the elimination of native species above newly created 
impoundments, exotic fish species (e.g., largemouth bass Micropterus salmoides and 
peacock bass Cichla ocellaris) have been introduced to create sport fishing opportunities 
in Puerto Rico reservoirs (Erdman 1984; Neal et al. 2004).  However, interest remains in 
using native species for sport fishing to reduce impacts from introduced species 
(Clarkson et al. 2005).  Bigmouth sleepers grow well in lentic freshwater systems when 
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they are present (Neal et al. 2001; Bacheler 2002).  In fact, Carite Reservoir has sustained 
a relatively abundant population, with estimates of 14 (± 7 SE) adult fish per hectare in 
2000 and 27 (± 15 SE) adult fish per hectare in 2001 (Bacheler et al. 2004a).   
Evidence of natural reproduction in reservoirs (Bacheler et al. 2004a), recent 
management preferences in using native species for sport fishing to reduce impacts from 
introduced species (Kassler et al. 2001; Clarkson et al. 2005), and the fact that anglers 
currently target bigmouth sleeper (Bacheler et al. 2004b) suggest high potential for this 
species to serve both sport and food interests in Puerto Rico and throughout its range.  
Likewise, declines in bigmouth sleeper abundance within its range warrant directed 
conservation efforts for this species (Holmquist et al. 1998; Warren et al. 2000).  
However, bigmouth sleepers appear to have limited reproductive capacity in most 
reservoirs (Neal et al. 2001; Bacheler 2002). Therefore, introductory and maintenance 
stocking of hatchery produced fish would be required to create and maintain these 
fisheries (Harris et al. 2011).  This necessitates the development of spawning and rearing 
protocols.   
Recent strides have been made in the propagation of bigmouth sleepers.  Active 
spawning techniques using hormone injections followed by hand stripping (Neal et al. 
2009), and allowing broodfish to spawn volitionally in tanks (Harris et al. 2011), has 
proven successful at producing tens of thousands of larvae per breeding pair (Neal et al. 
2009).  However, larval rearing has proven more difficult than anticipated.  In 2008, an 
unpublished study found that larvae held in freshwater rarely survived more than 48-h 
post hatch; furthermore, larvae had not fully developed mouth or eye structures at the 
time of mortality.  On the other hand 90-95% of larvae held at 6 and 12 ppt survived this 
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time period, however, larvae died quickly after 48-h post hatch (Neal et al. 2009).  Those 
studies were repeated in 2009, and found equally good survival between 0-6 ppt through 
the first 72-h post hatch, but died shortly after (Neal et al. 2009).  In both studies, 
temperature was not considered and may have been a factor in the observed results.   The 
failure in previous rearing attempts suggests that environmental conditions employed at 
the hatchery were not appropriate for this species and should be studied further. 
Understanding the environmental preferences of larvae is crucial to the 
development of any species for aquaculture (Shi et al. 2010).  The larval stage of a teleost 
is considered to be the most sensitive period to environmental stressors (Berlinsky et al. 
2004; Shi et al. 2010), and the most critical environmental factors in early ontogeny of 
fish are photoperiod, temperature, and salinity (Hart et al. 1995a; Kamler 2002; Shi et al. 
2010).  Water temperature and salinity may be particularly important to bigmouth 
sleeper, given their tendency to migrate between cool freshwater streams and warm 
brackish or marine environments.  Restoration and sport fish management efforts for the 
bigmouth sleeper would clearly benefit from more complete natural life history 
information.  In this thesis, I examine the effects of water temperature and salinity on 
bigmouth sleeper hatch success, growth and survival.  The primary goal is to determine 





RESEARCH OBJECTIVES AND HYPOTHESIS 
The primary goal of this research is to determine the effects of temperature and 
salinity on bigmouth sleeper early ontogeny.  The research was designed to address the 
following objectives. 
 Determine hatch success of G. dormitor eggs at different temperatures (23, 
26 and 29oC) and salinities (0, 5, 10, 15 and 20 ppt).  
I hypothesize that hatch success will increase with increasing temperature and 
lower salinities will yield greater hatch success. 
 Determine percent survival of G. dormitor larvae at different temperatures 
(23, 26 and 29oC) and salinities (0, 5, 10, 15 and 20 ppt).   
I hypothesize that survival rates will increase with increasing temperature and 
lower salinities will yield greater survival. 
 Compare development and daily growth of G. dormitor larvae at different 
temperatures (23, 26 and 29oC) and salinities (0, 5, 10, 15 and 20 ppt).   
I hypothesize that growth rates and rate of development will increase with 
increasing temperature and lower salinities will yield greater growth rates and 
development.   
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The aim of this study was to investigate the effects of temperature and salinity on 
larval bigmouth sleeper ontogeny to determine optimal salinity and temperature protocols 
for hatch success, growth, development, and survival of the bigmouth sleeper larvae for 
artificial breeding programs.  Additionally, my research will fill a knowledge gap in 






MATERIALS AND METHODS 
Fish Source and Husbandry 
Bigmouth sleeper broodfish were collected from Carite Reservoir, a 124-hectare 
impoundment located near the town of Cayey in mountainous south-central Puerto Rico.  
The reservoir is situated at 18°04’N, 66°05’W at 543.6 m above sea level (full pool).  
Annual rainfall in the region is 210 cm and the average air temperature is 23.5oC.  Carite 
Reservoir was impounded in 1913 by construction of an earthen dam, with the original 
primary purpose of water storage for the irrigation of sugar cane (Erdman 1984).  Carite 
Reservoir is the uppermost of a series of impoundments on the La Plata River.  The 
reservoir drains 21.2 km2 of primarily forested terrain (Carvajal-Zamora 1979).  
Maximum depth in Carite is 19.5 m with an average depth of 10 m at full pool (Carvajal-
Zamora 1979).  
Fish collection was conducted using mounted boom electrofishing at a target 
output power of 3,500 W and 60 Hz along the shoreline.  In the field, bigmouth sleepers 
were tagged (Biomark PIT tags; 12.5 mm, 134.2 kHz ISO), measured for total length 
(TL) to the nearest millimeter, weighed (wet weight to the nearest 1 g) and sexed.  Sex 
was determined by examining genital papillae; males have a long thin papilla with a 
terminal pore and females have a circular papilla with bristles on the posterior edge and a 
flap partially covering the genital pore (Bacheler 2002).  Broodstock were transported 
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from Carite Reservoir to the Maricao Fish Hatchery (MFH) located in Maricao, Puerto 
Rico, in a divided 560-L hauling tank with constant aeration. 
At the hatchery, fish were placed in a recirculating system composed of four 
1,665-L round polyethylene tanks with constant aeration.  Broodfish were held in 
spawning tanks with submersible heaters with integrated sensors (Hydor® Theo 
Submersible Heaters, Aquatic Eco-systems, Inc.) to maintain water temperature at 26oC 
throughout the course of the study.  This temperature was chosen to hold broodfish 
because it was the median temperature used in each experiment and represents Carite 
Reservoir’s mean water temperature. Three males and three females were stocked into 
each tank for spawning.  Broodfish were fed 2 to 3% of their body weight (live Tilapia 
sp. or Oreochromis spp.) on alternate days throughout the course of this study.  Tilapia 
were fed a homemade quality feed composed mainly of fish meal, supplemented with the 
essential vitamins and minerals 
Spawning tanks were equipped with two spawning structures (PVC 40.64 cm L × 
20.32 cm diameter, color grey; Vassallo Industries Inc., Cotto Laurel, Puerto Rico), the 
inner surface was covered with a flexible (203 mm x 292 mm) transparency film 
(CG6000, 3M Visual Systems Division, Austin, Texas) to provide a spawning surface 
capable of being removed and manipulated.  Spawning containers were monitored daily 
for presence of eggs.  
Experimental Design  
This study was divided into three independent trials, each using the same 
temperature-salinity design described below.  Trial 1 determined temperature/salinity 
effects on hatch success (objective 1), trial 2 determined the effects of 
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temperature/salinity on survival rates (objective 2), and trial 3 determined the effects of 
temperature/salinity on daily growth and development (objective 3).   
Temperatures for this study were chosen to represent the mean ambient hatchery 
water temperature at the Maricao Fish Hatchery (23°C), and a range of temperatures that 
are present in bigmouth sleeper habitats during spawning season (26 and 29oC).  For 
example, Harris (2007) reported that adult bigmouth sleepers held in warm ponds (~ 
27.8oC) demonstrated earlier development than wild fish in cooler rivers (~23oC).  In 
Carite Reservoir, peak reproductive development was intermediate to ponds and rivers 
with water temperature averaging 26 oC (Bacheler 2002).  
Salinity treatments were chosen based on previous research findings.  Neal et al. 
(2009) observed that larval survival was greatly improved at salinities between 6 ppt and 
12 ppt.  Also, larvae subjected to 24 ppt and 35 ppt treatments did not survive past 12 
hours post-hatch.  The salinities for this study were chosen to represent hatchery water (0 
ppt) as well as different conditions found in brackish waters (5, 10, 15, 20 ppt).  These 
salinities simulate salt concentrations that bigmouth sleeper larvae may encounter as they 
move from fresh water into estuarine environments. 
Eggs and larvae were obtained from bigmouth sleeper broodstock during the peak 
spawning period from May to September 2012 (Bacheler 2002; Harris 2011).  After eggs 
were deposited and fertilized, the film substrate was removed from the spawning 
container, cut into several pieces with a scalpel then placed in a dissecting tray with water 
and low aeration.  For trial 1, each piece was placed under a Leica EZ- 4D stereo-
microscope with an integrated digital camera (Leica Microsystems, Ltd. Switzerland) to 
further divide eggs and cut the sheet into pieces that contained 100 eggs each.  For trials 2 
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and 3, sections of the substrate containing approximately equal numbers of eggs were 
placed in each of 15 hatching containers, which were maintained at each temperature-
salinity combination.  Using larvae from these containers, after hatch, reduced 
temperature and osmotic stress on the larvae when stocked into the experiment.  For each 
trial, eggs or larvae from a single spawn of a single broodstock pair were used to avoid 
potential genetic differences confounding the results.   
The experimental temperature-salinity system was designed as follows.  
Incubation units consisted of 45 1,000-mL clear glass beakers (Fisherbrand®, Thermo 
Fisher Scientific Inc.) filled with 900 mL of water of the assigned salinity.  Three 341-L 
polyethylene tanks served as water baths (23, 26, and 29 oC); each tank had 2 submersible 
heaters with integrated sensors (Hydor® Theo Submersible Heaters, Aquatic Eco-
systems, Inc.).  To maintain homogeneous temperatures throughout the water column, 
two PVC pipes (15 cm L X 4 cm diameter; Vassallo Industries Inc., Cotto Laurel, Puerto 
Rico) were connected to an airline and placed at the bottom of each tank for constant 
water flow.  Fifteen beakers (three per salinity treatment) were assigned to each water 
bath using a completely randomized design (Figure 3.1), for a total of three replicates for 
each treatment.  A constant photoperiod of 12-h light and 12-h dark was provided 
(Martínez-Palacios and Salgado-García 2008), which represents the mean photoperiod in 
Puerto Rico. 
Artificial seawater (Instant Ocean synthetic sea salt, Aquarium Systems) was used 
for the salinity treatments and was monitored daily using an optical refractometer 
(ATAGO Co., Ltd.).  Five glass aquaria (52.2-L) served as water reserves for each of the 
target salinities. If target salinities were not met, water was changed by siphoning out 
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approximately 25 to 50% of water with flexible PVC tubing (2.54 cm inner diameter) and 
adding new water from the aquaria containing the corresponding salinity. 
For each trial, 100 eggs (trial 1) or 100 larvae (trials 2 and 3) were stocked per 
beaker.  Beakers were aerated individually with small (3.81 cm L x 1.27 cm W) airstones 
(Sweetwater® Air Diffusers, Aquatic Eco-systems, Inc.).  The film sections containing 
adhered eggs were tethered to the airline with a piece of string to provide stability prior to 
eclosion. 
Water quality parameters such as salinity, temperature, dissolved oxygen, pH, and 
total ammonia were monitored daily.  Target dissolved oxygen content was  5 mg·L-1, 
pH levels were maintained between 6.5 and 8, and ammonia was kept at concentrations < 
0.02 mg·L-1 (Pillay and Kutty 200; Piper et al. 2002).  In cases where these target values 
were not met (i.e., ammonia accumulation (> 0.02 mg·L-1) and extreme pH fluctuations 
(< 6.5 or > 8) within the beakers), water was changed by siphoning out approximately 10-
25% of water with a flexible PVC tubing (2.54 cm inner diameter) and adding new water 
of the same temperature and salinity.  Salinity (ppt), temperature (oC), dissolved oxygen 
(mg·L-1) and pH were measured with an YSI (Yellow Springs Instrument, Model 51B 
YSI Inc., Yellow Springs, Ohio).  Total ammonia (mg·L-1) was analyzed with a Hach test 
kit FF-1A (Hach Company, Loveland, Colorado). 
Trial 1:  Temperature and Salinity Effects on Hatch Success 
Fertilized eggs (n=100) were exposed to five salinity treatments (0, 5, 10, 15 and 
20 ppt) at three temperatures (23, 26 and 29oC), with three replicates for each treatment 
combination.  Film sections containing 100 eggs were randomly distributed into the 
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beakers with specific temperature-salinity combinations, where they remained for 24-h 
post stocking. 
Hatch success was calculated as the percentage of stocked eggs that hatched after 
24 h post-stock.  Hatched larvae were sacrificed with 5% formaldehyde, collected with a 
dropper and counted under a Leica EZ- 4D stereo-microscope with an integrated digital 
camera (Leica Microsystems, Ltd. Switzerland).  A two-way analysis of variance 
(ANOVA) was used to determine differences among temperature-salinity treatment 
combinations.  The assumption of normality was tested using a quantile-quantile (Q-Q 
plot) on the residuals of the replicate means and homogeneity of variance among 
treatment groups was assessed with the Levene’s test.  After validating the assumption of 
normally distributed populations and homogeneity of variance, F-test statistics were 
calculated (α= 0.05).  Tukey’s highest significant difference (HSD) test was used as a 
multiple comparison post hoc test to determine which treatments differed.  Results from 
this trial were plotted to illustrate relationships between temperature/salinity and hatch 
success.  Calculations were performed with SAS 9.3 (SAS Institute Inc., Cary, NC, 
USA.).   
Trial 2:  Temperature and Salinity Effects on Survival 
Larvae (n=100) were randomly assigned to the five salinity treatments (0, 5, 10, 
15 and 20 ppt) at three temperatures (23, 26 and 29oC), with three replicates for each 
treatment.  Larvae remained in the temperature-salinity combination until 100% mortality 
or fully developed mouth structures were observed.  Survival rates were calculated as the 
percentage of survivors by day and analyzed with a one-way (ANOVA) with repeated 
measures to determine difference among temperature treatments.  The assumption of 
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normality was tested using a quantile-quantile (Q-Q plot) on the residuals of the replicate 
means and homogeneity of variance among treatment groups was assessed with the 
Levene’s test.  After validating the assumption of normally distributed populations and 
homogeneity of variance, F-test statistics were calculated (α= 0.05).  Tukey’s (HSD) test 
was used as a multiple comparison post hoc test to determine if any treatments differed.  
Results from this trial were plotted to illustrate relationships over time between 
temperature and larval survival.  Calculations were performed with SAS 9.3 (SAS 
Institute Inc., Cary, NC, USA.).   
Trial 3:  Temperature and Salinity Effects on Daily Growth and Development  
For this trial, larvae (n=100) were randomly assigned to five salinity treatments 
(0, 5, 10, 15 and 20 ppt) at three temperatures (23, 26 and 29oC), with three replicates for 
each treatment.  Five live larvae from each replicate were randomly sampled (through 
siphoning) daily until there were no larvae remaining.  Dead larvae were removed daily 
for the duration of this trial. 
Daily growth was obtained by measuring total length (mm), length from the tip of 
the snout to the tip of the longer lobe of the caudal fin, and the notochord length (mm), 
distance from tip of snout to posterior tip of notochord, maximum body height (mm), the 
greatest measurement is in a dorsoventral direction, and yolk sac volume (mm3) and 
development of main morphological and functional structures were recorded daily for 
each larvae. 
Yolk sac volume was calculated using the formula: 




V = yolk sac volume (mm3), 
L= length of the yolk sac (mm), 
H= height of the yolk sac (mm). 
Larvae were observed, photographed and measured with a Leica EZ- 4D stereo-
microscope with integrated digital camera, software version 1.8.0 (Leica Microsystems, 
Ltd. Switzerland).  The main morphological and functional structures such as; mouth, 
digestive tract, eye structure, otic capsules (containing the otoliths), pericardial sinus and 
heart beats, brain divisions, and pectoral finfold were described and the days of 
development were determined considering the moment of peak hatch as 0 h.  All growth 
variables were analyzed with a mixed model (ANOVA), to account for the random 
effects of time and determine differences among temperature-salinity treatment 
combinations.  The assumption of normality was tested using a quantile-quantile (Q-Q 
plot) on the residuals of the replicate means.  After validating the assumption of normally 
distributed populations, F-test statistics were calculated (α= 0.05).  Tukey’s (HSD) test 
was used as a multiple comparison post hoc test to determine which treatments differed.  
Results from this trial were plotted to illustrate relationships between temperature and 
growth.  Calculations were performed with SAS 9.3 (SAS Institute Inc., Cary, NC, 




Figure 3.1 Experimental setup used for all three trials at the Maricao Fish Hatchery in 







Trial 1:  Temperature and Salinity Effects on Hatch Success 
Hatch success was not affected by the interaction between temperature and 
salinity (N= 12, F= 1.18, P= 0.136) nor salinity concentrations (N= 12, F= 0.70, P= 
0.599, Tables 4.1 and 4.2).  On the other hand, hatch success was significantly affected 
by temperature (N= 12, F= 7.96, P=0.002, Table 4.1) and hatch success was significantly 
greater at 23 oC.  There was a significant difference between temperatures 26oC and 23oC; 
however, no other paired comparisons between temperature treatments were statistically 
different (Table 4.2).  Even though the interaction between temperature and salinity was 
not significant, there appeared to a trend, where the combination of lower temperatures 
(23oC) and salinity concentrations 0, 5 and 10 ppt increased mean hatch success (87.0 ± 
5.3, P<0.001; 76.5 ± 9.5, P=0.041; and 66.0 ± 4.0, P=0.016, respectively; Figure 4.1).  In 
addition to the statistical differences observed in hatching success, there was a qualitative 
difference in the larvae produced.  Larvae hatched at 0 ppt salinity displayed much 
greater motility, with active swimming in the water column immediately following hatch.  
Conversely, larvae hatched at higher salinities displayed reduced motility or were 




Table 4.1 Analysis of variance results of the bigmouth sleeper larvae hatch success at 
varying temperatures (23, 26, 29oC) and salinities (0, 5, 10, 15, 20 ppt) 
 
* Values in bold are significant. 
Table 4.2 Tukey's studentized (HSD) results for bigmouth sleeper hatch success at 
varying temperatures (23, 26, 29oC) and salinities (0, 5, 10, 15, 20 ppt) 
 
*Means with the same or grouped letters are not significantly different. 
Source of Variation SS df MS F P-value
Temperature 0.682 2 0.341 7.967 0.002
Salinity 0.120 4 0.030 0.699 0.599
Interaction 0.588 8 0.073 1.715 0.136
















Figure 4.1 Percent of hatched larvae for all temperature/salinity treatment 
combinations 
 
Trial 2:  Temperature and Salinity Effects on Survival 
Salinity affected larval survival (N= 1,200, P<0.001).  Larvae held at 5, 10, 15, 
and 20 ppt did not survive past 8 to 12-h post hatch.  Larval survival at 0 ppt was not 
affected by temperature (N= 300, P=0.219, Table 4.3 and Figure 4.3).  However, despite 
lack of statistical significance in larval survival between temperature treatments, there 
appeared to be a tradeoff between survival and development.  Survival was prolonged for 
larvae set at 23oC, but larvae appeared underdeveloped at time of mortality (120-h post 
hatch) compared to the other treatment groups.  Survival was similar at 26oC up to 120-h 
post hatch (Figure 4.3), and larvae exhibited greater development than at 23 oC.  
However, fully developed mouth structures were not observed at time of mortality (120-
h).  Larvae set at 29oC did not survive past 96-h post hatch, yolk sac was completely 
absorbed, and mouth structure was evident but not fully developed.  For all three 
temperature treatments at 0 ppt salinity, larvae displayed a swim burst pattern, swimming 
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vigorously towards the surface then drifting head first towards the bottom; however, 
swimming intensity varied with temperature, as temperature increased, intensity 
decreased. 
Table 4.3 Results from the analysis of variance with repeated measures for bigmouth 
sleeper larval survival over time for all temperature treatments at salinity 0 
ppt 
 
*Values in bold are significant. 
 
Figure 4.2 Larval mean survival over time for all temperatures (23, 26 and 29oC) at 
0 ppt 
Source of Variation SS df MS F P-value
Time (Hours) 19950.1389 1 19950.139 98.06 <0.0001
Temperature 60.03704 2 30.0185 0.15 0.22
Time*Temperature 417.21111 2 208.6056 1.03





Trial 3:  Temperature and Salinity Effects on Daily Growth and Development 
Temperature affected daily growth of bigmouth sleeper larvae in terms of total 
length (TL, P<0.001) and notochord length (NL, P<0.001).  Mean total lengths at 26 and 
29oC were greater than 23oC (Table 4.4), however there were no differences between 26 
and 29oC (Figure 4.3).  Notochord mean lengths at 29oC were greater than at 23oC (Table 
4.4 and Figure 4.4). 
Table 4.4 Tukey's studentized (HSD) results for bigmouth sleeper larval daily growth 
for all temperature treatments at salinity 0ppt 
 


























Figure 4.4 Larval mean notochord length over time for all temperature treatments at 
salinity 0 ppt 
 
Yolk sac volume was affected by temperature (P<0.001), but the observed 
differences were primarily driven by the 24 h post hatch sample (P<0.001).  There was no 
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difference in means beyond this point in time (Figure 4.5).  Overall, there was no 
significant correlation between temperature and yolk sac volume (R= -0.099, N=48, 
P=0.544).  There was a negative correlation between yolk sac volume and TL and NL 
(R= -0.274, N=48, P=0.088 and R= -0.185, N=48, P=0.253, respectively). 
 
Figure 4.5 Mean yolk sac volume over time for all temperature treatments at salinity 
0 ppt 
 
Maximum body height was affected by temperature (P=0.010).  Body heights 
were greater in larvae set at 26 and 29oC (Figure 4.6 and Table 4.5).  Additionally, there 
was a significant correlation between body height, total length (TL, R= 0.661, N=48, 
P<0.001), and notochord length (NL, R=0.601, N=48, P<0.001), as total length and 




Table 4.5 Tukey's studentized (HSD) results of the bigmouth sleeper larval body 
height for all temperature treatments at salinity 0ppt 
 
*Means with the same or grouped letters are not significantly different 
 
Figure 4.6 Larval mean maximum body height over time for all temperatures 
treatments at salinity 0 ppt 
 
Salinity greatly inhibited survival, and larvae did not survive beyond 12 h post 
hatch at salinities > 0 ppt.  Furthermore, salinity strongly affected size at hatch and 
growth up to 12 h post hatch (P˂0.001).  Size at hatch was greatest for 0 ppt larvae, and 
no changes in length and yolk sac volume were observed for larvae following hatch at 











the same swim pattern observed for larvae held at 0 ppt.  Instead, larvae remained 
motionless on the bottom in a curled position, and rapidly began to lose their translucence 
and yolk sacs were ruptured. 
 
26 
Table 4.6 Mean total length, notochord length and body height of bigmouth sleeper 
larvae (0 and 12-h post hatch) for all temperature/salinity treatment 
combination 
 
*Mean ± S.E., N=12 
Temperature Salinity Total length Notochord length Body height
0-h post hatch
0 1.34 ± 0.06 1.26 ± 0.07 0.23 ± 0.03
5 1.25 ± 0.05 1.14 ± 0.04 0.22 ± 0.02
10 1.16 ± 0.04 1.06 ± 0.04 0.19 ± 0.01
15 1.13 ± 0.03 0.99 ± 0.05 0.19 ± 0.02
20 1.02 ± 0.03 0.96 ± 0.02 0.20 ± 0.01
0 1.83 ± 0.02 1.69 ± 0.05 0.25 ± 0.05
5 1.54 ± 0.04 1.41 ± 0.08 0.24 ± 0.01
10 1.46 ± 0.06 1.35 ± 0.05 0.20 ± 0.01
15 1.19 ± 0.06 1.05 ± 0.03 0.17 ± 0.02
20 1.09 ± 0.03 0.90 ± 0.04 0.16 ± 0.03
0 1.91 ± 0.05 1.86 ± 0.02 0.28 ± 0.04
5 1.78 ± 0.07 1.69 ± 0.01 0.20 ± 0.04
10 1.52 ± 0.06 1.28 ± 0.05 0.19 ± 0.02
15 1.19 ± 0.07 0.97 ± 0.07 0.18 ± 0.03
20 0.96 ± 0.08 0.90 ± 0.06 0.16 ± 0.08
12-h post hatch
0 1.80 ± 0.05 1.72 ± 0.65 0.24 ± 0.04
5 1.68 ± 0.06 1.56 ± 0.08 0.22 ± 0.03
10 1.48 ± 0.06 1.37 ± 0.07 0.19 ± 0.02
15 1.34 ± 0.03 1.18 ± 0.06 0.18 ± 0.01
20 1.12 ± 0.02 1.06 ± 0.01 0.20 ± 0.03
0 1.99 ± 0.03 1.79 ± 0.03 0.28 ± 0.03
5 1.84 ± 0.08 1.71 ± 0.10 0.24 ± 0.04
10 1.47 ± 0.08 1.35 ± 0.06 0.20 ± 0.02
15 1.21 ± 0.07 1.07 ± 0.08 0.17 ± 0.03
20 1.11 ± 0.01 0.94 ± 0.70 0.16 ± 0.01
0 2.08 ± 0.01 1.99 ± 0.05 0.27 ± 0.04
5 1.80 ± 0.09 1.70 ± 0.11 0.21 ± 0.02
10 1.53 ± 0.05 1.30 ± 0.35 0.19 ± 0.02
15 1.19 ± 0.06 0.97 ± 0.37 0.19 ± 0.02









Description of Larval Morphological Structure Development 
Newly hatched larvae from the 0 ppt treatment measured 1.00 to 1.48 mm TL 
(1.34 ± 0.06 mm, N=12) at 23oC, 1.76 to 1.89 mm TL (1.83 ± 0.02 mm, N=12) at 26 oC, 
and 1.90 to 1.97 mm TL (1.91 ± 0.05 mm, N=12) at 29 oC.  Larvae had a large translucent 
yolk sac, ranging from 0.46 to 0.51 mm in diameter, which contained one or multiple oil 
globules (that coalesce within the first 12 to 24-h post hatch), and yellow-green 
melanophores on the posterior periphery of the yolk sac.  The mouth and anus were not 
yet formed.  Yellow-green melanophores were also observed on the snout and over the 
eyes, near the anus and ventrally between the third and fifth pre-anal myomeres and the 
seventh and ninth post anal myomeres.  The lens was formed but poorly defined and was 
unpigmented.  The otic capsules containing the otoliths were visible in all treatment 
groups. 
Twenty-four hours post hatch, larvae reached 1.66-1.90 mm TL (1.801 ± 0.05 
mm, N=12) at 23oC, 1.94 to 2.09 mm TL (1.99 ± 0.03 mm, N=12) at 26oC and 2.05 to 
2.12 mm TL (2.08 ± 0.01 mm, N=12) at 29oC.  The yolk sac decreased in size with 
increasing temperature and lengths (Figure 8).  The eye structure was more defined and 
protruded on larvae reared at 29oC than those set at 26 and 23oC (Figure 8).  Larvae 
reared at 23oC were smaller in size and less developed.  Larvae in all treatment groups 




Figure 4.7 Bigmouth sleeper larval development at 24-h post hatch for all temperature 
treatments at 0 ppt salinity 
*(a) 23C 
  (b) 26C 
  (c) 29C  
Two days post hatch, larvae ranged from 1.89-2.01 mm TL (1.97 ± 0.02 mm, 
N=12) at 23oC, 2.03-2.10 mm TL (2.06 ± 0.01, N=12) at 26oC, and 2.11-2.18 mm TL 
(2.14 ± 0.02 mm, N=12) at 29oC.  The yolk sac was greatly reduced across all 
temperature treatments (Figure 9).  For all three temperature treatments, growth in length 
and development of eye structures and pericardial sinuses were apparent.  Warmer 
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temperature treatments displayed additional development.  At 26oC, the mouth cleft was 
visible and the intestinal tract was starting to develop.  For larvae held at 29oC, the 
divisions of the brain into prosencephalon, mesencephalon and metencephalon were 
observed.  The mouth, intestinal tract and buccal cavity were evident but not fully 
developed.  Also the pectoral fin fold was visible.  Larvae from this treatment group did 
not survive past 48-h post hatch, and the yolk sac was completely reabsorbed at the time 
of mortality. 
Three days post hatch larvae were 2.02 ± 0.04 mm TL at 23oC and 2.125 ± 0.01 
mm TL at 26oC.  No larvae remained from the 29oC treatment group.  At 23oC, the yolk 
sac was further reduced and larvae increased in size and had a more defined eye, the 
mouth cleft was visible, and intestinal tract was starting to develop.  Brain divisions were 
vaguely discernable.  Larvae held at 26oC had completely consumed the yolk and were 
surviving on oil globule reserves.  The fore-brain, mid-brain, and hind-brain were 
present.  Mouth, intestine tract, and buccal cavity development were evident but not fully 
developed.  The pectoral fin fold was visible (Figure 8).  Larvae from this treatment 
group did not survive past 72-h post hatch, and the yolk sac was completely reabsorbed 
before digestive tract and mouths were fully developed. 
Larvae set at 23oC grew to 2.077 ± 0.01 mm TL at 96-h and were surviving on oil 
globule reserves.  The fore-brain, mid-brain, and hind-brain were present.  Mouth, 
intestine tract and buccal cavity development were vaguely evident.  At the time of 
mortality (120-h post hatch), larvae measured up to 2.16 ± 0.02 mm TL, yolk sac was 
completely consumed, and the only noticeable change between 96-h and 120-h larvae 




Figure 4.8 Bigmouth sleeper larval development at 48-h post hatch for all temperature 
treatments at 0 ppt salinity 
*(a) 23C 
  (b) 26C 






Understanding the environmental requirements of fish is crucial to the 
development of any species for aquaculture (Shi et al. 2010).  Three of the most critical 
environmental factors in early ontogeny of fish are photoperiod, temperature, and salinity 
(Hart et al. 1995a; Kamler 2002; Shi et al. 2010).  For bigmouth sleeper, water 
temperature and salinity are believed to be primary factors driving reproductive behavior 
in the wild, given this species’ tendency to migrate between cooler freshwater streams 
and warmer brackish or marine environments.  However, limited and often conflicting 
literature regarding bigmouth sleeper environmental requirements has previously 
inhibited development of hatchery protocols for this species.  Therefore, the goal of this 
study was to investigate the effects of temperature and salinity on bigmouth sleeper larval 
ontogeny in order to determine optimal culture conditions.  The overall conclusion of this 
research determined that despite the fact that bigmouth sleepers are normally diadromous, 
0 ppt was the most appropriate rearing salinity in this study. Additionally, bigmouth 
sleeper eggs will hatch successfully over a range of water temperatures and salinities. 
Despite, 23oC was the ideal hatching temperature, in order to maximize and improve 
larval early survival temperatures should be increased up to 26oC.  
The effect of water temperature and salinity on bigmouth sleeper hatch success 
was mutually exclusive.  Temperature appeared to singularly control hatch rate in 
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bigmouth sleeper eggs, but the combination of low temperature (23C) and lower salinity 
(0, 5, 10 ppt) produced the most successful hatches.  Despite the tendency for greater 
hatch success at lower temperatures and salinities, my research demonstrated that 
bigmouth sleeper eggs will hatch successfully over a range of water temperatures and 
salinities.   
Following hatching, salinity was the primary factor determining immediate 
survival, with no larvae surviving beyond 12-h post hatch in salinities greater than 0 ppt.  
This rapid mortality was most likely associated with the energy cost of osmoregulation.  
Metabolic demand of larvae increases in hyperosmotic environments as they attempt to 
maintain homeostasis of body fluids.  Therefore, larvae in hyperosmotic environments 
need to divert more energy into osmoregulation rather than growth.  Temperature can 
exacerbate osmoregulatory processes and affect salinity tolerance in fish (Overton et al. 
2008), but the rapid 12-h post-hatch mortality experienced in all salinity treatments 
exceeding 0 ppt prevented analysis of potential temperature/salinity interactions.  
However, within the 0 ppt salinity treatment, warmer water temperatures resulted in more 
rapid yolk sac depletion, leading to more rapid mortality. 
Salinity also affected size at hatch.  Newly hatched larvae at 0 ppt salinity were 
significantly larger than larvae reared at salinities ˃5 ppt.  The reduced growth of larvae 
in hyperosmotic environments has been documented for several species, such as sea bass 
Dicenrrarchus kubrux, (Johnson and Katavic 1986), Australian snapper Pagrus auratus ( 
Fielder et al. 2005), and obscure puffer Takifugu obscurus (Shi et al. 2010).  Although the 
bigmouth sleeper is normally a diadromous species, the greater size at hatch for larvae 
reared in freshwater may be related to the source of broodfish in this study. Carite 
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Reservoir, where this species is completely landlocked, requires successful spawning, 
hatching, and rearing in 0 ppt salinity.  Optimum propagation salinities are generally 
similar to natural spawning conditions, as has been demonstrated for some other fish 
species including Scopthalmus maximus (Kulhmann and Quantz 1980), tawny puffer 
Takifugu flavidus (Zhang et al. 2010), and pomfret Pampus punctatissimus (Shi et al. 
2008).  However, salinity preferences may vary with developmental stages and should be 
further explored.   
The survival results from this study contradict previous findings for this species, 
which reported low larval survival in freshwater.  In 2008, 48-h survival of larvae held in 
freshwater was near 0%, while 90-95% of larvae held at 6 and 12 ppt salinity survived the 
period (Neal et al. 2009).  Those studies were repeated in 2009, and found equally good 
survival between 0, 4, 5, 6, and 12 ppt salinities through the first 72-h post hatch.  
Conversely, the current study found that only larvae reared in freshwater (0 ppt) survived 
beyond the first 12-h.  This lack of consensus between salinity trials is perplexing.  
Broodstock for all of these trials were collected from Carite Reservoir, which is an unusual 
system in that it has a landlocked population of the normally diadromous bigmouth sleeper.  
Because this species has been landlocked for over 90 years, which may represent 30 to 45 
generations, it is possible that selective pressures are slowly increasing the prevalence of 
genes that allow freshwater spawning.  Whereas survival was similar across replicates, the 
results appear to represent genetic differences between each cohort of larvae.  Larvae within 
each of these studies were progeny from a single bigmouth sleeper pair, with a different pair 
used per trial.  Thus, differences between larval cohorts may represent genetic differences 
within the parent population.  Although this is a speculation based on the observed variability 
in survival, further study of this possibility is warranted. 
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Larval development was positively correlated to water temperature, but at the 
expense of yolk sac reserves.  Temperature plays a dominant role in the efficiency with 
which yolk is converted to body tissue (Blaxter 1969; Johns et al. 1981).  Generally, yolk 
sac utilization is improved at an intermediate range of temperatures within the tolerance 
zone (Johns et al. 1981).  At temperatures above and below the tolerance range, 
metabolic requirements are proportionally greater than those contributing to tissue 
production, resulting in smaller larvae (Blaxter 1969; Johns et al. 1981).  In this study, 
the rate of yolk absorption and the timing of the appearance of external morphological 
structures were accelerated at higher temperatures.  This is evident in larvae reared at 
26oC, in which the rate of yolk absorption and the timing of appearance of morphological 
structures were slightly slower than larvae set at 29oC.  This suggests that development 
and metabolic demands were not as high, which in turn prolonged larval survival an 
additional 24 to 48-h.  Larvae reared at 29oC developed very rapidly within the first 48-h 
post hatch and, at time of mortality, larvae possessed a more complete digestive tract and 
a visible jaw structure.  On the other hand, larvae held at 23oC survived up to 120-h post 
hatch, but grew and developed very slowly.  Regardless of temperature, no fully 
developed mouth structure was observed among any of the treatment groups, but the yolk 
sac had been completely consumed at the time of mortality.   
Many of the deficiencies and problems encountered during the early rearing 
phases of newly hatched finfish larvae are directly related to the diet quality and feeding 
regime of the broodstock (Izquierdo et al. 2001). Bigmouth sleeper larvae yolk sac 
quality and utilization may have been affected by deficiencies in essential vitamins (A & 
C) and essential fatty acids during the pre and post spawning season. Watanabe et al. 
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(1984) found that EFA (n-3 polyunsaturated fatty acids (PUFA)) deficient diets (eight 
months prior to spawning) in red sea bream produced eggs with significantly lower 
survival rates and high levels of deformity.  A recent assessment on broodstock 
management at the Maricao Fish Hatchery revealed nutritional deficiencies in bigmouth 
sleeper broodstock diet, by feeding live prey that were fed poor quality feeds.  Embryo 
survival has been shown to be affected by deficiency of vitamin C content of broodstock 
diets and vitamin A is important for embryo and larval development due to its important 
role in bone development, retina formation, and differentiation of immune cells 
(Izquierdo et al. 2001).  Broodstock nutrition is especially important for obtaining healthy 
larvae and fry, as broodstock nutrition directly influences hatchability and survival of 
larvae (Izquierdo et al. 2001; Pillay and Kutty 2001).  Clearly, rearing protocols for 
bigmouth sleeper yolk sac larvae would benefit from studies that determine nutritional 
requirements to ensure optimal yolk sac quality. 
Water temperature appeared to directly influence larval behavior and activity 
level, particularly swim patterns.  As temperature increased, swimming intensity 
decreased, and larvae reared at lower temperatures displayed a more vivid swim pattern.  
Similar to the findings of Fukuhara (1990), who reported that locomotive activity reached 
a maximum earlier with increasing temperature, however, the level of activity was greater 
at higher temperatures for the black porgy Acanthopagrus schlegeli, the japanese 
anchovy Engraulis japonica, the red seabream Pagrus major, and the olive flounder 
Paralichthys olivaceus.   
Salinity also affected larval behavior and has a direct effect on survival through 
its influence on the amount of energy needed for osmoregulation (Bell and Brown 1995; 
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Howell et al. 1998).  Larvae held at 15 and 20 ppt across all temperature treatments were 
very weak and remained motionless on the bottom of the beakers prior to mortality.  Bell 
and Brown (1995) observed that larvae (0 to 5-d post hatch) of the spotted algae-eating 
goby Sicydium punctatum initially minimized exposure to salinities >10 ppt, but later (5 
to 8-d) occupied increasingly saline water.  Furthermore, spotted algae-eating goby larvae 
held exclusively in freshwater or seawater treatments ceased activity at 4 to 5 d (Bell and 
Brown 1995).  This suggests that bigmouth sleeper larvae may require increasing salinity 
concentrations over time until they are capable of exogenous feeding.  This hypothesis is 
supported by the normally diadromous life history strategy of this species, but it fails to 
explain why bigmouth sleepers can sometimes complete their life cycle exclusively in 
freshwater. 
A defining and somewhat distinctive feature of the life history of the bigmouth 
sleeper is that, immediately following hatching, larvae are actively swimming within 
minutes (Bell and Brown 1995; McDowall 2009), with vigorous bursts towards the 
surface then drifting head first towards the bottom.  This pattern was primarily evident at 
low salinity.  Newly hatched larvae of the spotted algae-eating goby are negatively 
buoyant but avoid settling to the bottom by active swimming during drift to the sea (Bell 
and Brown 1995).  The swim-up/sink-down behavior has also been observed in several 
related gobies: the scribbled goby Awaous guamensis (Ego 1956), the pacific fat sleeper 
Dormitator latifrons (Todd 1975), and the lyre goby Evorthodus lyricus (Foster and 
Fuiman 1987).  This movement is most likely involuntary (McDowall 2009), and 
contributes to larval downstream movement.  As larvae swim up to the surface, they are 
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passively transported towards coastal estuaries.  The burst swimming observed for 
bigmouth sleeper at low salinity likely evolved for the same purpose. 
This thesis provides the most complete description of bigmouth sleeper yolk sac 
larvae development to date.  Although no formal description of bigmouth sleeper yolk sac 
larvae previously existed, studies have been conducted on the development of other larval 
eleotrid species (Adelsberger 2009).  Makeeva (2002) described the development of 
Micropercops cinctus yolk sac larvae, and Yamasaki and Tachihara (2006) described the 
development of Stiphodon percnopterygion goby, which have similar developmental patterns 
as bigmouth sleeper larvae.  Adelsberger (2009) expressed difficulty in the identification 
of bigmouth sleeper yolk sac larvae, primarily due to its small size (0.88-2.04 mm SL), 
limited meristic information, and a lack of information about larval stages of Eleotrids in 
literature.  Adelsberger based her description on size and myomere counts, as these larvae 
lacked eye pigment, mouths, and all fins.  My study provides additional developmental 
information for the time between hatching and formation mouth and digestive tract, eye 
structure, otic capsules (containing the otoliths), pericardial sinus and beating hearts, the 
divisions of the brain, and pectoral finfold.  Although the transition from yolk sac larvae to 
the larval stage was not achieved, this study provides a basis for future comparisons and 
further research on the bigmouth sleeper larval early ontogeny.  
Even though larvae were not reared to first feeding, this research provided 
valuable insight into the early life history of bigmouth sleepers and suggests several 
techniques for improving future propagation success.  First, 23oC was the ideal hatching 
temperature, however to maximize and improve early survival of larvae temperatures 
should be increased up to 26oC, hence the effects of daily temperature increments should 
 
38 
be further explored.  Also, the successful propagation of this species at the Maricao Fish 
Hatchery will require use of heated water or modification to the infrastructure in order to 
provide these temperatures consistently.  Second, despite that bigmouth sleepers are 
normally diadromous, 0 ppt salinity was the most appropriate rearing salinity in this 
study.  However, because research on related species suggests that larvae may experience 
ontogenetic changes in salinity, experimentation with incremental salinity regimes would 
be appropriate.  Finally, broodstock nutrition should be examined to determine if the 
developmental issues of the larvae can be resolved via improvements at the broodfish 
level.  Broodstock nutrition directly influences hatchability and survival of larvae 
(Izquierdo et al. 2001; Pillay and Kutty 2001), and improvements in broodstock nutrition 
have been shown to greatly improve egg and sperm quality, fecundity, yolk sac quality, 
and hatching success (Duray et al. 1994).  A high quality, nutrient-rich feed must be 
provided at appropriate feeding regimes.  Further research should define the appropriate 
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